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The diphoton invariant mass distribution of interference between gg → H → γγ and gg → γγ is
almost antisymmetric around the Higgs mass MH . We propose a new observable Aint to quantify
this effect, which is a ratio of a sign-reversed integral around MH ( e.g.
∫MH
MH−5 GeV
− ∫MH+5 GeV
MH
)
and the cross section of the Higgs signal. We study Aint both in Standard Model (SM) and new
physics with various CP -violating Hγγ couplings. The Aint in SM could reach a value of 10%,
while for CP -violating Hγγ couplings Aint could range from 10% to −10%, which is probable to
be detected in HL-LHC experiment. The Aint with both CP -violating Hγγ and Hgg couplings are
also studied and its value range is further extended.
I. INTRODUCTION
The CP violation, as one of the three Sakharov con-
ditions [1], is necessary when explaining the matter-
antimatter asymmetry in our universe [2]. Its source
could have close relation with Higgs dynamics [3, 4].
Thus the CP properties of the 125 GeV Higgs boson with
spin zero is proposed to be probed in various channels at
the Large Hadron Collider (LHC) [5–24]. Among them,
the golden channel H → ZZ → 4` has been studied ex-
tensively and it gives relative stringent experimental con-
straints [19, 21, 22, 24]. By contrary, the H → γγ process
is another golden channel to discover Higgs boson and has
a relative clean signature, but it suffers from lacking of
CP -odd observable constructed from the self-conjugated
diphoton signal kinematic variables. The CP property in
Hγγ coupling could also be studied in H → γ∗γ∗ → 4`
process [25–27], however, it is challenged by the low con-
version rate of the off-shell photon decaying into two lep-
tons. In this paper, we study the CP property in Hγγ
coupling through the interference between gg → H → γγ
and gg → γγ.
This interference has been studied in many papers [28–
35]. Compared to the Breit-Wigner lineshape of the
Higgs boson’s signal, the lineshape of the interference
term could be roughly divided into two parts: one is
symmetric around MH and the other is antisymmetric
around MH . These two kinds of interference lineshapes
have different effects: after integrating over a symmet-
ric mass region around MH , the symmetric interference
lineshape could reduce the signal Breit-Wigner cross sec-
tion by ∼ 2% [34]; while the antisymmetric one has no
contribution to the total cross section, but could distort
the signal lineshape, and shift the resonance mass peak
by ∼ 150 MeV [30, 33]. Besides, a variable Ai is pro-
posed [36, 37] to quantify the interference effect in a so-
phisticated way, which defines a sign-reversed integral
around MH (e.g.
∫MH
MH−5 GeV dM −
∫MH+5 GeV
MH
dM) in
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its numerator and a sign-conserved integral around MH
(e.g.
∫MH
MH−5 GeV dM +
∫MH+5 GeV
MH
dM) in its denomi-
nator, with both the integrands being overall lineshape,
which is superimposed by the signal lineshape, the sym-
metric interference lineshape and the antisymmetric in-
terference lineshape. In principal, all three effects from
interference, changing signal cross section, shifting reso-
nance mass peak and Ai (the ratio of sign-reversed inte-
gral and sign-conserved integral), could be used to probe
CP violation in Hγγ coupling, but their sensitivities are
different. As the symmetric interference lineshape is con-
tributed mainly from the Next-to-Leading order while the
antisymmetric one from the leading order [29, 34], the ef-
fect from antisymmetric interference lineshape has better
sensitivity, which means the latter two effects could be
more sensitive to CP violation.
Nevertheless, experimentally Ai is not trivial, and
could be affected a lot by the mass uncertainty of
MH [37]. The main reason is once MH was deviated a
little, the sign-reversed integral in the numerator would
get a large extra value from the signal lineshape. To
solve this problem, we suggest to separate the antisym-
metric interference lineshape from the overall lineshape
firstly, then replace the integrand in the numerator with
only the antisymmetric interference lineshape. Thus the
effect from the mass uncertainty is suppressed in the ob-
servable. The new modified observable is named as Aint
and it is used to quantify the interference effect in our
analysis.
In this paper, we study to probe the CP property in
Hγγ coupling through interference between gg → H →
γγ and gg → γγ. The rest of the paper is organized as fol-
lows. In Section II, we introduce an effective model with
a CP -violating Hγγ coupling, and calculate the interfer-
ence between gg → H → γγ and gg → γγ. Then we in-
troduce the observable Aint, and study its dependence on
CP violation. In Section III, we simulate the lineshapes
of the signal and the interference, and get the Aint in SM
and various CP -violation cases. After that, we estimate
the feasibility to measure Aint at LHC and High Lumi-
nosity Large Hadron Collider(HL-LHC). In Section IV,
we build a general framework with both CP violating
Hγγ and Hgg couplings and study the Aint in a same
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2procedure as above. In Section V, we give a conclusion
and discussion.
II. THEORETICAL CALCULATION
The effective model with a CP -violating Hγγ coupling
is given as,
Lh = cγ cos ξγ
v
hFµνF
µν +
cγ sin ξγ
2v
hFµν F˜
µν
+
cg
v
hGaµνG
aµν , (1)
where F , Ga denote the γ and gluon field strengths,
a = 1, ..., 8 are SU(3)c adjoint representation indices
for the gluons, v = 246 GeV is the electroweak vacuum
expectation value, the dual field strength is defined as
X˜µν = µνσρXσρ, cγ and cg are effective couplings in SM
at leading order, ξγ ∈ [0, 2pi) is a phase that parametrize
CP violation. When ξγ = 0, it is the SM case; when
ξγ 6= 0, there must exist CP violation (except for ξγ = pi)
and new physics beyond SM. This kind of parametriza-
tion could make sure that the total signal strength of
Higgs decaying to diphoton is equal to one as predicted
by SM.
In SM at leading order, cγ is introduced by fermion
and W loops and cg is introduced by fermion loops only,
which have the expressions as
cg =
αs
16pi
∑
f=t,b
F1/2(4m
2
f/sˆ), (2)
cγ =
α
8pi
F1(4m2W /sˆ) + ∑
f=t,b
NcQ
2
fF1/2(4m
2
f/sˆ)
 .(3)
where αs(α) are running QCD(QED) couplings, Nc = 3,
Qf and mf are electric charge and mass of fermions, and
F1/2(τ) = −2τ [1 + (1− τ)f(τ)], (4)
F1(τ) = 2 + 3τ [1 + (2− τ)f(τ)], (5)
f(τ) =
{
arcsin2
√
1/τ τ ≥ 1 ,
− 14
[
log 1+
√
1−τ
1−√1−τ − ipi
]2
τ < 1 .
(6)
The helicity amplitudes for gg → H → γγ and gg →
γγ can be written as [30, 38, 39],
M = −e−ih3ξγ δh1h2δh3h4δabM
4
γγ
v2
4cgcγ
M2γγ −M2H + iMHΓH
+4ααsδ
ab
∑
f=u,d,c,s,b
Q2fAh1h2h3h4box , (7)
where a, b are the same as a in Eq. (1), the spinor
phases (see their concrete formulas in [38, 39] and [16])
are dropped for simplicity, his are helicities of outgo-
ing gluons and photons, Qf is the electric charge of
fermion, Ah1h2h3h4box are reduced 1-loop helicity amplitudes
of gg → γγ mediated by five flavor quarks, while the con-
tribution from top quark is much suppressed [28] and is
neglected in our analysis. The Abox for non-zero inter-
ference are [30, 38, 39]
A++++box = A−−−−box = 1,
A++−−box = A−−++box =
−1 + z ln
(
1 + z
1− z
)
− 1 + z
2
4
[
ln2
(
1 + z
1− z
)
+ pi2
]
, (8)
where z = cos θ, with θ being the scattering angle of γ
in diphoton center of mass frame. It maybe noticed by a
careful reader that we use the formulas for A++++/−−−−box
and A++−−/−−++box as same as in [38, 39], which are
swapped in [30]. That is because the convention we
used here are for outgoing gluons, the helicities would
be changed to a reversed sign if for incoming gluons.
It is also worthwhile to notice that Eq. (7) is different
from Eq. (2) in Ref. [30] because of the e−ih3ξγ fac-
tor, which determines that the Higgs signal strength are
not affected by the CP -violation factor ξγ , but the in-
terference strength has a simple cos ξγ dependence (see
Eqs. (9)(10)).
After considering interference, the lineshape over the
smooth background is composed of both lineshapes of
signal and interference, which can be expressed by
dσsig
dMγγ
=
G(Mγγ)
128piMγγ
|cgcγ |2
(M2γγ −M2H)2 +M2HΓ2H
×
∫
dz, (9)
dσint
dMγγ
=
G(Mγγ)
128piMγγ
(M2γγ −M2H) Re (cgcγ) +MHΓH Im (cgcγ)
(M2γγ −M2H)2 +M2HΓ2H
×
∫
dz[A++++box +A++−−box ]× cos ξγ , (10)
where σsig, σint are cross sections from signal term and
interference term respectively, Mγγ =
√
sˆ, the integral
region of z depends on the detector angle coverage in
experiment, G(Mγγ) is gluon-gluon luminosity function
written as
G(Mγγ) =
∫ 1
M2γγ/s
dx
sx
[g(x)g(M2γγ/(sx))] . (11)
The interference term consists of two parts: antisymmet-
ric (the first term in Eq. (10)) and symmetric (the second
term in Eq. (10)) parts around Higgs boson’s mass. It
is worthy to notice that at leading order Im
(
cSMg c
SM
γ
)
is
suppressed by mb/mt compared to Re
(
cSMg c
SM
γ
)
because
the imaginary parts of cSMg , c
SM
γ are mainly from bot-
tom quark loop while their real parts are from top quark
or W boson loop. Thus the symmetric part of the in-
terference term is much suppressed at leading order and
its integral value contributed for the total cross section is
mainly from Next-to-Leading order [28, 34]. By contrast,
the antisymmetric part could have a larger magnitude
around MH .
3The observable Aint extracts the antisymmetric part of
the interference by an sign-reversed integral around MH ,
which is defined as
Aint(ξγ) =
∫
dMγγ
dσint
dMγγ
Θ(Mγγ −MH)∫
dMγγ
dσsig
dMγγ
, (12)
where the integral region is around Higgs resonance (e.g.
[121, 131] GeV for MH = 126 GeV), the Θ-function is
Θ(x) ≡
{ −1, x < 0
1, x > 0
.
So the numerator keeps the antisymmetric contribution
from the interference, and the denomenator is the cross
section from the signal, Aint is an observable that roughly
indicates the ratio of the interference to the signal.
As ξγ = 0 represents the SM case, we could define
ASMint ≡ Aint(ξγ = 0) and rewrite Aint(ξγ) simply as
Aint(ξγ) = A
SM
int × cos ξγ . (13)
The largest deviation Aint(pi) = −ASMint happens when
ξγ = pi, which represents an inverse CP-even Hγγ cou-
pling from new physics but without CP violation. It’s
interesting that this degenerate coupling could only be
exhibited by the interference effect.
III. NUMERICAL RESULTS
The numerical results are obtained for proton-proton
collision with
√
s = 14 TeV by using the MCFM [40] pack-
age, in which the subroutines according to the helicity
amplitudes of Eq. (7) are added. The Higgs boson’s mass
and width are set as MH = 126 GeV, and ΓH = 4.3 MeV.
Each photon is required to have pγT > 20 GeV and|ηγ | < 2.5. Based on the simulation, we study ASMint firstly
and then Aint from CP violation cases. After that, we
estimate the feasibility to extract Aint out at LHC.
A. ASMint
Fig. 1 show the theoretical lineshapes of the signal (a
sharp peak shown in the black histogram) and the inter-
ference (a peak and dig shown in the red histogram),
among which Fig. 1a is an overall plot, Fig. 1b and
Fig. 1c are close-ups. As shown in Fig. 1a and Fig. 1b,
the signal has a mass peak that is about four times of
the interference, but the mass peak of the interference is
wider and has a much longer tail. The resonance region
[125.9, 126.1]GeV is further scrutinized in Fig. 1c with
bin width changed from 100 MeV to 2 MeV. The value
of the signal exceeds that of the interference at the energy
point Mγγ ≈MH − 10×ΓH . After integrating, the ASMint
TABLE I. The ASMint values with different mass resolution
widths. The σMR = 0 represents the theoretical case before
Gaussian smearing.
σMR A
SM
int denominator A
SM
int numerator A
SM
int
(GeV) (fb) (fb) (%)
0 39.3 14.3 36.3
1.1 39.3 4.0 10.2
1.3 39.3 3.7 9.4
1.5 39.3 3.4 8.6
1.7 39.3 3.1 7.9
1.9 39.3 2.8 7.2
is 36% as shown in table I, which is quite large. As the
smearing by the mass resolution (MR) is not considered
yet, we mark it as the σMR = 0 case.
The invariant mass of the diphotonMγγ has a mass res-
olution of about 1 ∼ 2 GeV at the LHC experiment [41].
For simplicity we include the mass resolution effect by
convoluting the histograms with a Gaussian function of
width σMR = 1.1, 1.3, 1.5, 1.7, 1.9 GeV. This convolu-
tion procedure is also called Gaussian smearing. Fig. 2
shows the lineshapes after the Gaussian smearing with
σMR = 1.5 GeV. The sharp peak of the signal becomes a
wide bump (the black histogram), meanwhile, the peak
and dig of the interference are also widened, but they can-
cel each other a lot near MH and the former peak and dig
becomes a moderate antisymmetric shape around MH .
(the red histogram). The ASMint after Gaussian smearing
is thus much reduced, which range from 10.2% to 7.2%
when σMR goes from 1.1 to 1.9 GeV as shown in table I.
B. Aint(ξγ 6= 0)
Fig. 3 shows the lineshapes of interference under the
ξγ = 0, pi, pi/2 cases with σMR = 1.5 GeV. The blue his-
togram (ξγ = pi, sign-reversed CP -even Hγγ coupling) is
almost opposite to the red histogram (ξγ = 0, SM), which
correspond to the minimum and the maximum of Aint
values. The black dashed histogram (ξγ = pi/2, CP -odd
Hγγ coupling) looks like a flat line (actually with some
tiny fluctuation from simulation), and it corresponds to
zero Aint value. Fig. 4 shows Aint and its absolute statis-
tical error δAint. The statistical error is estimated with
an integrated luminosity of 30 fb−1, and the efficiency
of detector is assumed to be one. δAint decrease as Aint
becomes smaller, however, the relative statistical error
δAint/Aint increase quickly and becomes very large as
Aint approaches zero. In SM (ξγ = 0 in Fig. 4), the rel-
ative statistical error δAint/Aint is about 18% with an
assumption of zero correlation between symmetric and
antisymmetric cross-sections.
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FIG. 1. The diphoton invariant mass Mγγ distribution of
the signal and the interference as in Eq. (9) and (10). ξγ = 0
represents the SM case, σMR = 0 represents the theoretical
distribution before Gaussian smearing. Among them (a) is an
overall plot, (b) and (c) are close-ups.
C. Aint at LHC
In current CMS or ATLAS experiment, the γγ mass
spectrum is fitted by a signal function and a background
function. To consider the interference effect, the anti-
symmetric lineshape should also be included. That is,
instead of a Gaussian function (or a double-sided Crys-
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FIG. 2. The diphoton invariant mass Mγγ distribution af-
ter Gaussian smearing with its mass resolution width σMR =
1.5 GeV.
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FIG. 3. The diphoton invariant mass Mγγ distribution of
interference after Gaussian smearing with σMR = 1.5 GeV
when ξγ = 0, pi, pi/2.
tal Ball function) as the signal function in current LHC
experiment [41, 42], a Gaussian function (or a double-
sided Crystal Ball function) plus an asymmetric function
should be used as the modified signal function, while the
background function is kept as same as in the experiment.
To see whether or not the asymmetric lineshape could
be extracted, we carry out a modified-signal fitting
on two background-subtracted data samples. As the
background fluctuation would be dealt with similarly
as in real experiment, we ignore it here for simplic-
ity. One data sample is from the CMS experiment in
Ref. [41], we fetch 10 data points with its errors between
[121, 131] GeV in the background-subtracted γγ mass
spectrum for 35.9 fb−1 luminosity with proton-proton
50 pi pi2
γξ
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)
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A
FIG. 4. Aint values (red line) and its statistical error (shade)
with different phase ξγ .
collide energy at 13 TeV (see Fig. 13 in Ref. [41]). The
fitting function is described as
f(m) = c1 × fsig(m− δm) + c2 × fint(m− δm), (14)
where c1, c2, δm are float parameters, m means the value
of the γγ invariant mass, the functions fsig(m), fint(m)
are evaluated from the two histograms in Fig. 2 and they
describe the signal and interference separately. Fig. 5
shows the fitting result on the CMS data, in which the
crosses represent CMS data with its error, the red solid
line is the combined function, the black dashed line and
the blue dotted line represent the signal and interfer-
ence components respectively. The black dashed line is
almost same as the red solid line while the blue dot-
ted line is almost flat, the fitting parameter c2 for the
interference component has a huge uncertainty that is
even larger than the central value of c1, which indicates
the interference component is hard to be extracted from
the 35.9 fb−1 CMS data. For a comparison, we simu-
late a pseudodata sample from the combined histogram
in Fig. 2, which is normalized to have events of about
80 times the CMS data (corresponding to a luminosity
of 3000 fb−1), with a binwidth of 0.5 GeV and Poission
fluctuation. The fitting result is shown in Fig. 6, where
the red solid line has a shift from the black dashed line,
the blue dotted line could be distinguishable clearly. c1
and c2 are fitted as c1 = 0.999±0.002 , c2 = 0.947±0.028,
which are consistent with their SM expected value 1 and
deduce to a relative error of Aint ∼ 3% according to the
error propagation formula. Even though this fitting re-
sult looks quite good, it can only reflect that the antisym-
metric lineshape could be extracted out when no contam-
ination comes from systematic error. Furthermore, our
study shows that the optimal fitting strategy is taking
Higgs mass as a free parameter together with c1 and c2.
Although MH has been measured in many channels, its
fluctuation is usually too large to get a converged fitting
if we take it as a known input value.
By contrast, a simulation that also study the inter-
ference effect has been carried out with systematic error
included by ATLAS collaboration at HL-LHC with a lu-
minosity of 3000 fb−1 [43]. In that simulation, the mass
shift of Higgs boson caused by the interference effect has
been studied under different Higgs’ width assumptions.
A pseudo-data is produced by smearing a Breit-Wigner
with the resolution model and the interference effect are
described by the shift of smeared Breit-Wigner distribu-
tions. Based on fitting, the mass shift of Higgs from the
interference effect is estimated to be ∆mH = −54.4 MeV
for the SM case, and the systematic error on the mass
difference is about 100 MeV. If using this result to esti-
mate the mass shift effect for the non-SM ξγ 6= 0 cases,
that would be, ξγ = pi/2 corresponds to a zero mass
shift, and ξγ = pi corresponds to a reverse mass shift
of ∆mH = +54.4 MeV as shown in Fig. 3. Then the
largest deviation of the mass shift from the SM case is
2 × 54.4 MeV (when ξγ = pi), which is almost covered
by the systematic error of 100 MeV. Therefore, the non-
SM ξγ 6= 0 cases could not be distinguished through this
mass shift effect. Nevertheless, it is worthing to note that
the antisymmetric lineshape of the interference effect by
theoretical calculation is quite different from the shift of
two smeared Breit-Wigner distributions in ATLAS’s sim-
ulation [43], especially at the region far from the Higgs’
peak, the antisymmetric lineshape of the interference ef-
fect has a longer flat tail while the Breit-Wigner distri-
bution falls fast. The authors from ATLAS collaboration
has also noticed this difference and planned to add it to
their next research [43].
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FIG. 5. A fitting on the background-substracted CMS data
sample. The crosses represent CMS data from Ref. [41]. The
red solid line is the combined function, the black dashed line
and the blue dotted line represent the signal and interference
components respectively.
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FIG. 6. A fitting on the simulated data sample. The crosses
represent simulated data from the combined histogram in
Fig. 2 normalized to a luminosity of 3000 fb−1 . The red
solid line is the combined function, the black dashed line and
the blue dotted line represent the signal and interference com-
ponents respectively.
IV. CP VIOLATION IN Hgg COUPLING
In the above study the Hgg coupling is supposed to
be SM-like, furthermore, the observable Aint could also
be used to probe CP violation in Hgg coupling. In this
section, we add one more parameter ξg to describe CP
violation in Hgg coupling, and study Aint following the
same procedure as above.
Based on Eq. (1), one more parameter ξg to describe
CP violation in Hgg coupling is added, and the effective
Lagrangian is modified as
Lh = cγ cos ξγ
v
hFµνF
µν +
cγ sin ξγ
2v
hFµν F˜
µν
+
cg cos ξg
v
hGaµνG
aµν +
cg sin ξg
2v
hGaµνG˜
aµν .(15)
After that, the helicity amplitude in Eq. (7) and dif-
ferential cross section of interference in Eq. (10) should
be changed correspondingly, which are
M = −e−ih1ξge−ih3ξγ δh1h2δh3h4δabM
4
γγ
v2
4cgcγ
M2γγ−M2H+iMHΓH
+ 4ααsδ
ab
∑
f=u,d,c,s,bQ
2
fAh1h2h3h4box , (16)
dσint
dMγγ
∝ (M
2
γγ −M2H) Re (cgcγ) +MHΓH Im (cgcγ)
(M2γγ −M2H)2 +M2HΓ2H
×
∫
dz[cos(ξg + ξγ)A++++box + cos(ξg − ξγ)A++−−box ] .(17)
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FIG. 7. The diphoton invariant mass Mγγ distribution of
interference after Gaussian smearing in various ξg, ξγ cases.
Then ASMint ≡ Aint(ξg = 0, ξγ = 0) and
Aint(ξg, ξγ) = A
SM
int ×∫
dz[cos(ξg + ξγ)A++++box + cos(ξg − ξγ)A++−−box ]∫
dz[A++++box +A++−−box ]
,(18)
where the integral could be calculated numerically once
the the integral region of z is given. For example, if the
pseudorapidity of γ is required to be |ηγ | < 2.5, that is,
z ∈ [−0.985, 0.985], the integral ∫ dzA++−−box ≈ −9, and
Eq. (18) could be simplified as
Aint(ξg, ξγ) ≈ ASMint ×
2 cos(ξg + ξγ)− 9 cos(ξg − ξγ)
−7 .
(19)
Aint(ξg, ξγ) thus has a maximum and minimum of about
1.6 times of ASMint . If ξg = 0, Aint(ξg = 0, ξγ) will degen-
erate to the Aint(ξγ) in Eq. (13). By constrast, if ξγ = 0,
Aint(ξg) = A
SM
int × cos(ξg), (20)
which shows the same dependence of Aint(ξγ) on ξγ when
ξg = 0 as in Eq. (13). So a CP -violating Hgg coupling
could cause similar deviation of Aint to A
SM
int as a CP -
violatingHγγ coupling, and an single observed Aint value
could not distinguish them since there are two free pa-
rameters for one observable.
Fig. 7 shows the lineshapes of interference for different
ξg, ξγ choices. The red histogram (ξg = 0, ξγ = 0)
represents the SM case; the magenta histogram (ξg =
pi
2 , ξγ =
pi
2 ) could get largest Aint; the cyan histogram
(ξg =
pi
2 , ξγ =
3pi
2 ) corresponds to the smallest Aint ; and
the black histogram is from ξg = 0, ξγ =
pi
2 case with
Aint equal to zero. For the general case of both ξg, ξγ
being free parameters, Aint(ξg, ξγ) could have a wider
value range than Aint(ξγ), which makes it easier to be
probed in future experiment.
7V. CONCLUSION AND DISCUSSION
The diphoton mass distribution from the interference
between gg → H → γγ and gg → γγ at leading order
is almost antisymmetric around MH and we propose an
sign-reversed integral around MH to get its contribution.
After dividing this integral value by the cross section of
Higgs signal, we get an observable Aint. In SM, the the-
oretical Aint value before taking into account the mass
resolution could be ∼ 39%. After considering mass res-
olution of ∼ 1.5 GeV, Aint is reduced but still could be
as large as 10%. The CP violation in Hγγ could change
Aint from 10% to -10% depending on the CP violation
phase ξγ . In a general framework of both CP -violating
Hγγ and Hgg coupling, Aint could have a larger value
of ∼ ±16%. However, due to the systematic error and
statistical error are both ∼ 10% in current experiments
at LHC, the antisymmetric lineshape is difficult to be
extracted out. Even at futuristic high luminosities, the
large systematic error is still a tricky obstacle.
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